The spontaneous activity of pacemaker cells in the sino-atrial node (SAN) controls the heart rhythm and rate under physiological conditions. Pacemaker activity in SAN cells is due to the presence of the diastolic depolarization, a slow depolarization phase that drives the membrane voltage from the end of an action potential to the threshold of a new action potential. SAN cells express a wide array of ionic channels, but we have limited knowledge about their functional role in pacemaker activity and we still do not know which channels play a prominent role in the generation of the diastolic depolarization. It is thus important to provide genetic evidence linking the activity of genes coding for ionic channels to specific alterations of pacemaker activity of SAN cells. Here, we show that target inactivation of the gene coding for ␣1D (Cav1.3) Ca 2؉ channels in the mouse not only significantly slows pacemaker activity but also promotes spontaneous arrhythmia in SAN pacemaker cells. These alterations of pacemaker activity are linked to abolition of the major component of the L-type current (I Ca,L) activating at negative voltages. Pharmacological analysis of I Ca,L demonstrates that Cav1.3 gene inactivation specifically abolishes I Ca,L in the voltage range corresponding to the diastolic depolarization. Taken together, our data demonstrate that Ca v1.3 channels play a major role in the generation of cardiac pacemaker activity by contributing to diastolic depolarization in SAN pacemaker cells.
A utomaticity in sino-atrial node (SAN) pacemaker cells is due to the slow diastolic depolarization phase (1) . Different ionic currents are believed to be involved in the generation of pacemaker activity, but their functional importance in the generation of the diastolic depolarization is still controversial. One possibility is that the diastolic depolarization is generated by the interaction of the decaying fast component of the delayed rectifier (I Kr ) and at least one of four different voltagedependent inward currents; the hyperpolarization-activated current I f , the sustained inward current I st , the low-voltage activated T-type (I Ca,T ), and high-voltage-activated L-type Ca 2ϩ current (I Ca,L ) (refs. 2-5; for review, see ref. 6 ). Particularly, I Ca,L has been proposed to contribute to the diastolic depolarization (7) . Indeed, pharmacological inhibition of I Ca,L significantly slows pacemaker activity of isolated rabbit SAN cells in vitro (8) . Also, the dihydropyridine Ca 2ϩ channel antagonist nicardipine induces bradycardia in anesthetized mice in vivo (9) .
L-type Ca (11, 12) . These observations suggest that Ca v 1.3 gene inactivation affects pacemaker activity of SAN cells. The recent possibility to isolate in vitro mouse SAN cells gives the opportunity to study pacemaker activity and ionic channels in SAN cells from genetically modified mice (5) . We have thus studied pacemaker activity and I Ca,L in SAN cells obtained from a Ca v 1.3 Ϫ/Ϫ mouse strain (11) .
Materials and Methods RT-PCR Analysis and Southern Blotting. For RT-PCR analysis, total
RNAs from SAN, the right atrium, the left ventricle, retina, and skeletal muscle from C57BL͞6J adult mice were extracted by using the SNAP Kit (Invitrogen). RT-PCR was performed with total RNA by using random primers and Superscript II RNase H reverse transcriptase (Invitrogen). After reverse transcription, the cDNAs for Ca v 1. TAG GGG TCT TTC ACC TC  (position 2326, 169 bp) . PCR was performed in a final volume of 25 l containing 2 l of reverse transcription reaction, 10 pmol of each primer, 2.5 mM each dNTP (Pharmacia), 1.5 mM MgCl 2 and 1 unit of Taq polymerase (Sigma) in an MJ Research (Cambridge, MA) Thermal Cycler with the following cycling protocol: after 2 min at 94°C, 35 cycles (94°C, 25 s; 53°C, 30 s; 72°C, 25 s) of PCR were performed followed by a final elongation period of 7 min at 72°C. To investigate the presence and size of the amplified fragments, 10 l of PCR products were separated and visualized in an ethidium bromide-stained agarose gel (2%) by electrophoresis. Specific primers for Ca v 1.1 and Ca v 1.4 subunits detected corresponding fragments from mRNA of skeletal muscle and retina (data not shown). Ca v 1.3-specific PCR primers amplified a fragment from exon 2 of Ca v 1.3. Gene targeting in Ca v 1.3 mice involved introduction of a neomycin cassette into exon 2, thereby introducing multiple stop codons in all reading frames (11) . Therefore, the used primer pair amplifies a fragment Ͼ1,800 bp in Ca v 1.3 Ϫ/Ϫ mice that cannot be detected under our experimental conditions. For human tissue samples, small pieces of the atrioventricular node tissue, the right atrium, and ventricle were obtained from two cardiac graft recipients (aged 44-56 yr). The protocol was approved by the Ethical Committee of the Arnaud de Villeneuve University Hospital (Montpellier, France). The human SAN region could not be tested in this set of experiments because the cardiac grafting procedure required intact SAN of both donor and recipient. cDNAs for Cav1.3 and Cav1.2 were amplified by using the following set of primers (from 5Ј to 3Ј): Cav1.3 (accession no. NM000720) sense, GGA TTC TTG GAG GAC GAT GA (position 5843), antisense, TGC ATT AGA TGC AGA GGC AG (position 6042, 199 bp); and Cav1.2 (accession no. NM000719) sense AGA TGA ACC ATG ACA CGG AGG CC (position 5784), antisense, AGG CCC TTC GAC CTA GTG AG (position 5957, 173 bp). The following cycling protocol was used: 3 min at 94°C, 35 cycles (94°C, 45 s; 57°C, 45 s; 72°C, 25 s). Elongation period lasted 10 min at 72°C. Specific PCR products were detected by Southern probing using internal oligonucleotides. currents in SAN cells was performed in extracellular 4 mM Ca 2ϩ as described (5) . The voltage-dependence of I Ca,L and I Ca,T activation was determined from current-to-voltage (I-V) curves that were fitted by employing the Boltzmann relation:
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where V rev is the extrapolated reversal potential, V is the membrane potential, I is the peak current, G max is the cell maximum conductance, V 0.5,act is the voltage for half current activation, and s is the slope factor of the Boltzmann term. Steady-state inactivation curves were fitted according to the Boltzmann relation: (Fig. 2) . In SAN cells from wild-type mice, I Ca,L was activated from about Ϫ50 mV and peaked at Ϫ10 mV (Fig. 2 A) . In contrast, in SAN cells from Ca v 1.3 Ϫ/Ϫ mice, I Ca,L was undetectable negative to Ϫ20 mV, and peaked at ϩ10 mV (Fig. 2B) . (Fig. 3Eb) .
We also investigated whether inactivation of the Ca v 1.3 gene alters the functional expression of other ionic currents potentially involved in pacemaking. We observed no change on I Ca,T (Fig. 4 A and B) . mice also allowed precise determination of the steady-state voltage dependence of inactivation for I Ca,T , which was almost completely inactivated when the membrane potential was set to Ϫ60 mV (Fig. 4D) . Comparison of the steady-state inactivation of I Ca,L in the voltage range between Ϫ60 and Ϫ5 mV (Fig. 4D) showed that I Ca,L in SAN cells from wild-type mice was more sensitive to inactivation than I Ca,L of Ca v 1. The Ca v 1.2 subunit mRNA was also found in mouse SAN tissue (Fig. 1 Ab) . We thus propose that the Ca v 1.2 subunit underlies the residual I Ca,L recorded in Ca v 1.3 Ϫ/Ϫ pacemaker cells (see Fig. 2B ). To this respect, our data are consistent with previous results showing that both Ca v 1.3 and Ca v 1.2 expression can be detected in the whole SAN region by in situ hybridization (14) . However, the possibility that a currently unknown gene coding for I Ca,L channels could also be involved in the generation of I Ca,L in SAN cannot be excluded (15) . Our data demonstrate that, also in SAN, Ca v 1.3 Ca 2ϩ channels activate at more negative membrane voltages and show more negative steady-state inactivation with respect to Ca v 1.2 channels (Figs. 2 and 4) . This finding is consistent with previous observations on recombinant Ca v 1.3 and Ca v 1.2 channels expressed in HEK293 cells (12, 16, 17) . In our study, I Ca,L activation significantly spans the diastolic depolarization voltage range in SAN cells of wild-type mice. Indeed, under voltage clamp conditions, the averaged peak I Ca,L densities were 0.83 at Ϫ50 mV, 2.2 at Ϫ40 mV, and 3.7 pA͞pF at Ϫ30 mV (Fig. 2C) . Ca v 1.3 gene inactivation reduced I Ca,L in the same voltage range by 100% at Ϫ50 and Ϫ40 mV and by 98% at Ϫ30 mV. In conclusion, our data demonstrate that Ca v 1.3 channels underlie a low-threshold I Ca,L current component in mouse SAN, and that these channels are involved in the generation of pacemaker activity in the mouse by supplying inward current in the diastolic depolarization range. In our study, Ca v 1.3 gene inactivation induced negative chronotropism and cellular arrhythmia in SAN cells (Fig. 5) .
Native Ca v 1.3 channels activated about 10 mV more positively than I Ca,T (Fig. 4C) . These channels are well available in the positive voltage range spanning the diastolic depolarization, thanks to their reduced sensitivity to steady-state voltagedependent inactivation as compared with I Ca,T , which showed very low availability at Ϫ60 mV (Fig. 4D) .
The physiological role of Ca v 1.2 channels in pacemaking remains to be established. Due to the positive threshold for activation ( Fig. 2C ) and voltage-dependent inactivation ( pacemaker cells, we suggest that Ca v 1.2 channels contribute to the generation of the upstroke phase of action potential, rather than to diastolic depolarization. It is thus tempting to suggest that the lack of expression of Ca v 1.3 channels in the ventricle may be reflective of the necessity to segregate the expression of ionic channels linked to pacemaker activity to the supraventricular stage and the conduction system ( Fig. 1 A and B) . Given that the lack of Ca v 1.3 channels did not stop pacemaker activity, our data also demonstrate that SAN pacemaking is the result of the activity of different ionic channels. To this respect, it is also possible that pacemaking in larger mammals such as humans could involve additional ionic channels that may not be expressed in the mouse. For example, the slow component of the delayed rectifier (I Ks ) has been reported to play a significant role in pacemaking in the pig heart (18) . Understanding the ionic basis of pacemaking may yield important indications in the development of new drugs that specifically influence heart rate without affecting cardiac inotropism. Because Ca v 1.3 channels are not expressed in the human ventricle (Fig. 1B) , our results suggest that Ca v 1.3 channels might constitute suitable candidate target for such drugs. This kind of chronotropic selectivity could be particularly important in the treatment of ischemic heart disease (19) . Ϫ/Ϫ pacemaker cells. Wild-type cells display regular interval over 20-s-long recording periods. In contrast, the strong dispersion of measurements demonstrates erratic pacing rate in Ca v1. 3 Ϫ/Ϫ cells (Cb). Furthermore, negative chronotropism is evident as an increased mean cycle length, as indicated by the dotted line.
